Amber is reported from a new locality in North Central Texas, USA. The amber clasts were found in thin carbonaceous horizons in the Woodbine Group. They exhibit a variety of colors including yellow, orange, red, brown and opaque white. No zooinclusions have been found, but some clasts present plant debris and inorganic inclusions. 13 C NMR, 1 H NMR, FTIR, and GC/MS analyses assign this amber to Group A or Class 1b and, as such, the botanical origin is considered to be a conifer. The low diversity palynomorph assemblage of the sediments is suggestive of a nearby source. The paleoenvironment is interpreted as non-marine, fluvial deltaic. Abundant charcoal fragments are noted. This observation is in concordance with the description of the Cretaceous period being a time of fires. Based on stratigraphic and palynologic data, the age of the amber is Early Cenomanian. This research represents the first study of amber in Texas.
disciplines. As new analytical tools become available, more and more research into these fossilized resins is warranted.
Such fossil resins have caught the attention of mankind since Neolithic times (Langenheim 2003) . Most likely, early humans found pieces of this extraordinary material entangled among seaweeds and float debris while walking alongside the shores of the North and Baltic seas after a storm late in the year (Reinicke 1990 ). It may have been the warmth of a piece of amber to the touch, the different hues it presents, or the biological inclusions it sometimes contains that made it quite attractive to them and inspired these early people to imbue amber with mythical qualities. Perhaps its association with the color of the sun in the blue sky inspired the fabulous so-called solar amulets dating back to the Stone Age, which have been found as archaeological artefacts in many sites along the shores of the Baltic and North Seas (Grabowska 1983) . Indeed, amber has been known to many cultures around the world from the New Stone Age (Neolithic Period), Bronze Age, and Iron Age. Cultures that have worked with or traded amber include the ancient Balts, Etruscans, Phoenicians, Romans, Greeks, and others (Langenheim 2003) . In the New World, amber was known before the arrival of Columbus by the ancient civilizations of the Aztecs and Mayas in Mesoamerica. Today, amber is still very much in vogue mainly in jewelry, also as raw material for modern sculptures, as well as in many diverse accessories made of amber. Simply stated, amber is timeless, and its chemical stability is remarkable (Friedman et al. 2017) .
Here, we present our current research on the chemical characterization and environment of deposition of a new amber-bearing locality (Upper Cretaceous, Cenomanian) in Grayson County, North Central Texas (Friedman et al. 2017) . The data generated by the analytical techniques applied to the Texas amber are 13 C and 1 H NMR spectroscopy, FTIR and GC/MS lead to the chemical characterization of this amber.
Geological Setting
The amber in Texas has been found stratigraphically in the Woodbine Group in Grayson County, North Central Texas, exact location on file (Fig.1) . The Woodbine, then, Formation, named by Hill (1901) for a town in Cooke County, Texas, is the basal formation of the Gulf Series of the Upper Cretaceous in North America. The Woodbine is the source rock of the East Texas oil field, one of the largest oil fields on the North American continent. The Woodbine overlies the Grayson Marl, uppermost member of the Washita Group, and it is unconformably overlain by the Eagle Ford Group. The Woodbine crops out in a narrow irregular band up to 32 Km wide in Texas, Oklahoma, and Arkansas. Three principal depositional systems are recognized in the regressive Woodbine Group: a fluvial system, a high-destructive delta system and a shelf-strand plain system (Oliver 1971) . In outcrop the Woodbine consists of brown to tan, fine to coarse-grained, conglomeratic, ferruginous, moderately to weakly indurated, cross-bedded sandstones with interbedded gray shale and lignite with a total thickness of about 133 m (Wilkins 1988) .
Four members were recognized within the Woodbine Formation by Dodge (1952) , in ascending order: Rush Creek, Dexter, Lewisville, and Arlington. The amber-bearing locality of this study was found at the stratigraphic level of the non-marine Dexter Member (Figure 2 ). The amber clasts were found irregularly distributed within a narrow (not more than 15 cm in thickness) carbonaceous matrix of finely disaggregated charred wood (fusain) and centimeter length charcoal fragments. Amber is also found, although not commonly, in the above siltstones and mudstones beds (Figure 3) . The lateral extent of the amberbearing beds is about 10 m but is discontinuous in nature. The amber clasts vary in size from 1 mm in diameter to about 3 cm. The Dexter Member consists of a maximum of 40 to 47 m of irregularly bedded non-calcareous sands, sandstones, and interbedded clays and shales. These sediments are believed to have been deposited on the flood plains of streams flowing seaward across a coastal plain during the early Late Cretaceous and in fresh-water lakes and lagoons on the coastal plains (Stephenson 1952) . 
Methods
Ten bags of sediment weighing approximately 1 kg each were collected from the carbonaceous horizon at the locality. These samples were soaked in tap water for 48 h to disaggregate the sediments and later passed through a 63-micron sieve to recover the smallest clasts of amber. Once recovered by hand, they were left to dry at room temperature for several days. The clasts were divided into fractions according to size: small (sand size pieces aproximately 1 mm in diameter), medium (2-9 mm), and large (10-30 mm), and according to color. Some amber clasts are transparent, others are translucent, while others are completely opaque. The hues present are pale yellow, yellow, dark yellow, orange, reddish, and dark brown opaque (Figures. 4, 5, and 6) . Some clasts are bony white, and others exhibit a combination of colors. Some present an outer rough crust that gives them the appearance in the field of a hickory nut. The larger clasts were set aside in Riker mounts for reference. The examination under a stereoscope (x40 magnification) in search of organic and inorganic inclusions is ongoing. No definitive zooinclusions have been found yet. Many amber clasts present phytoinclusions, but they appear for the most part detrital and not suitable for taxonomical classification. Inorganic inclusions are abundant: microscopic bubbles of different size and shape (Figure 7) , bubbles inside bubbles, and acicular (needle-like) sulfate crystals (probably jarosite or selenite) have been observed. Samples of sediment in which the amber clasts were found were analyzed to determine their palynomorph and kerogen content following standard techniques. For the chemical characterization of this fossil resin, specimens were studied by the following analytical techniques: Solid-state 13 C and solution 1 H nuclear magnetic resonance (NMR) spectroscopy, Fourier Transform infrared (FTIR) spectroscopy, and gas chromatography/mass spectrometry (GC/MS). Each sample was subjected to four different NMR experiments. (1) Observation of 13 C nuclei of powdered, solid samples with full decoupling of carbon from hydrogen, that is, removal of the scalar coupling interactions between these nuclei (Lambert et al. 2008) . By examination of the bulk, this analysis is assured to characterize the entire sample. (2) Observation of 13 C nuclei of solid state samples with partial decoupling of carbon from hydrogen, using the technique known as dipolar dephasing or interrupted decoupling (Opella and Frey 1979) . This experiment selects largely for carbon nuclei that are not attached to a hydrogen atom and provides an alternative method to distinguish spectral classes. (3) Standard one-dimensional (1D) observation of 1 H nuclei in solution state, usually with deuterated chloroform (CDCl3) as the solvent. Examination of the solution phase may involve some loss of material due to partial insolubility. (4) The two-dimensional (2D) 1 H method known as COSY (COrrelation SpectroscopY), in which both Cartesian coordinates represent the frequency of 1 H resonances. Proton NMR spectra can provide distinctions sometimes not apparent from 13 C spectra (Lambert et al. 2012 ). For 13 C NMR measurements (taken at 100 MHz), samples were ground into a fine powder and loaded into a Varian 5 mm general purpose Zirconia rotor sealed with Vespel caps. The optimal sample load is about 150 mg of material, but smaller sample sizes (as little as 50 mg) required larger scan numbers. Spectra were recorded at Northwestern University. For 1 H spectra (taken at 500 MHz), approximately 55 mg of powdered exudate (recovered from 13 C analysis) was transferred to a small, glass vial. About 1 mL of deuterated chloroform-d was added to each vial. The material was stirred at room temperature and allowed to sit overnight. The supernatant was pipetted out and transferred to the NMR tube. Spectra were recorded at Trinity University. The solutions were evaporated to retrieve the sample, and all powders have been retained, along with unused materials, in the archive at Trinity University (San Antonio, Texas).
FTIR spectroscopy was carried out with KBr pellets and, on pure solid samples, by attenuated total reflectance (ATR). Pellets were made by grinding 1 mg of the sample and 250 mg KBr into a fine powder, which was pressed into a pellet under high pressure and vacuum. Identical FTIR spectra were obtained by both methods. The larger sample also was analyzed by gas chromatograph-mass spectrometry (GC/MS). The sample was treated with an organic solvent of dichloromethane and ether (50/50 v/v) and methylated with diazomethane to convert carboxylic acids to methyl esters to enhance analysis by GC/MS.
The infrared spectra were obtained with a ThermoNicolet FTIR Nexus 670 model, and GC/MS analysis was carried on the methylated organic extract with an Agilent Technologies 7890AGC/5975 GC/MS model fitted with a Hewlett Packard poly(methylsiloxane) capillary column (HP-1 ms, 15 m x 0.25 mm) using the following parameters: injection port 250 °C, electron impact at 70 eV, and column heated from 50-250 °C at 5 °C /min, and held for 20 min.
Results

Palynology and Paleoenvironment of the Locality
Palynological recovery at the outcrop where 19 palynomorph taxa were observed, as follows. The low diversity of the assemblage suggests a relatively local source for the palynomorphs. A greater diversity would be expected if materials were transported from a broader area. Fern spores and conifer pollen dominate the assemblage (Zippi 2016 ; this study). Fern spores are unlikely to have been transported from outside the local area in large numbers because fern spores are not easily wind-transported (Drehobl 2013) . The paleoenvironment was likely a fern swamp within a broader lower delta floodplain. Lower delta plain, and proximity to a marine system, is indicated by the presence of 2% dinoflagellate specimens. The kerogen composition is characteristic of an ancient fluvial system (kerogen: primarily dark charcoal wood tracheids 59%, plant cuticle 31%, spores/pollen 7% and angular resin particles 3% (Zippi 2016) . The palynological data seem to indicate that the biological source of the Texas amber was a conifer, which could have been a member of the Pinaceae due to the high percentage of pine pollen in the host sediments. The meaning or significance of the charred wood present at the horizon in which the amber was found is suggestive of the direct effect of fire at or immediately prior to the time when the deposit was laid down. This scenario appears to be the case in other amber localities in other geographical areas. Conifer wood charcoal is common also in those sediments. According to Scott (2010) , the Cretaceous Period was a high fire world.
Age of the Texas Amber
The Woodbine Group is a Cenomanian age unit of the Late Cretaceous. Its age (90-100 Ma) was established biostratigraphically by Kennedy and Cobban (1990) using ammonites from marine members in the upper part of the Formation. In 2015, Donovan et al. refined the Woodbine as a mid-early Cenomanian to earliest middle Cenomanian chronostratigraphic unit (96 to 97.7 Ma). In their estimation, the deposition of the Dexter Member (lower Woodbine Group), was about 500,000 years in duration. The stratigraphic position of the carbonaceous horizon where the amber clasts were found lies within the Dexter Member. Therefore, an age of Early Cenomanian is assigned to the newly found amber-bearing deposit.
This age assignment is also in accordance with the palynological data gathered from sediments collected at the locality under study (Table 1) (Zippi 2016) . These data are suggestive of an age restricted to Late Albian to Early Cenomanian by the first appearance (FAD) of Triplanosporites sinuosus, Verrucatospotites pseudoreticulatus, Triporoletes cenomanianus, and Laevigatosporites irroratus; and the last appearance (LAD) of Lycopodiacidites cerniidites.
The Texas amber is roughly contemporaneous with other important amber deposits in North America such as the Raritan Formation of New Jersey and another on Kreischerville, Staten Island, New York, which also were recognized as middle Cretaceous in age (Cenomanian stage) by Hollick (1905) . A similar amberiferous outcrop was reported in Cape Sable, Magothy River, Anne Arundel County in Maryland (Troost 1821) . Nevertheless, more recent reports assign a Turonian age to the New Jersey deposits (Grimaldi 2000) . Towards middle North America, the amber deposit found in Ellsworth County, Kansas was assigned to the Cenomanian (Langenheim et al. 1965) . In other geographical areas of the world the Texas amber is contemporaneous with Cenomanian deposits in Azerbaijan, Agapa, Taymir Peninsula, Russia (Cenomanian), Sarthe, France (Cenomanian), Timmerdyakh, Yakutia, Russia (Cenomanian-Turonian), Eastern Taymir, Russia (Albian to Cenomanian) (Martinez-Delclos et al. 2004 ), Alem Ketema, Ethiopia (Cenomanian) (Schmidt et al. 2010) , Burmese amber (Early Cenomanian) (Ross et al. 2010) , Charentese amber, France (Albian-Early Cenomanian) (Perrichot et al. 2007 ).
Nuclear Magnetic Resonance Spectroscopy Experiments and Results
Two samples were selected from the Grayson deposition, one transparent reddish orange (sample number 1749 in the Northwestern/Trinity catalogue) and the other a mixture of transparent light reddish orange and opaque brown (1750). A third sample was selected that was opaque black to represent the matrix from which the amber materials were extracted (1751). For comparison, spectra were recorded from samples from other parts of the United States. Sample 846 was from Sayreville, Middlesex County, New Jersey, Parlin Pit, Raritan Formation, Late Cretaceous/Cenomanian (93.5-99.6 Ma), provided by the New Jersey State Museum (representing several previously studied samples from New Jersey sources). Sample 1030 was provided by the National Museum of Natural History, Department of Paleobiology (their sample 1030), from King County, Washington, translucent yellow. Figure 8 presents the solid-state 13C spectrum of sample 1749 with full decoupling. The spectrum of sample 1750 was substantially the same, but that of sample 1751 was very weak and showed only resonances from carbons found in coal-like materials, in contrast to amber. Figure 9 presents the onedimensional, solution-state 1H spectrum of sample 1749 in CDCl3. The 1H spectrum of sample 1750 was essentially identical, whereas sample 1751 was insufficiently soluble to provide a spectrum (a typical result for coal). The 1 H spectrum of sample 1749 ( Figure 9 ) also is typical of Group A ambers, as seen from comparison spectra (Figure 1 , Lambert et al. 2012 ). There are four important regions in 1 H spectra. Again, the saturated region, δ 0.6-2.0 is dominant, and the electron-withdrawing region from δ 2.0 to 3.0 contains small but important peaks. For this sample, the double bond region, δ 4.0-6.0, is nearly empty. The 1 H spectrum has a unique region (δ 6.5-8.0) in which aromatic peaks (those from protons attached to benzene rings) resonate. In 13 C spectra, double bond (alkene) and aromatic peaks coincide in the unsaturated region, but these two types of protons are well differentiated in 1 H spectra. In the comparison spectrum of an amber from Washington (Figure 1 , Lambert et al. 2008) , the aromatic region is identical to that in Figure 9 . The peak at δ 7.3 is from the solvent CHCl3. C spectrum of the New Jersey sample, which is nearly identical to those from the Grayson samples. The dominant and diagnostic saturated region is normal for a Group A amber. In this sample, the unsaturated and carbonyl resonances are weaker than those of the Grayson sample, generally indicative of a more matured sample. The 1 H spectrum of the New Jersey sample also is characteristic of Group A ambers (Figure 11 ). The similarities in fact are remarkable: two peaks of unequal intensities at δ 0.8 and 1.0, a sharp peak at δ 1.3, two peaks at δ 1.6 and 1.8, a group of peaks at δ 2.1-2.4, another group at δ 2.9, no double bond peaks, and the same three aromatic peaks δ 6.9, 7.0, and 7.2. There are minor differences, not unexpected: a small multiplet at δ 1.9 present for New Jersey but absent for Grayson, a small, sharp peak at δ 7.1 for New Jersey but not for Grayson.
The (Figure 13 ) also is characteristic of Group A, although in a more intense presentation. Additional peaks are present at δ 3.4 and 3.8 in the electronwithdrawing region, but otherwise the spectrum is closely like those in Figures 9 and  11 , in the aromatic region. 
Infrared Spectroscopy Experiments and Results
FTIR spectra were recorded for two Grayson samples, which ranged from yellow to light brown. The FTIR spectra of the larger Texas sample are shown in Figures 14  and 15 , along with two spectra for comparison (authentic Baltic and Nebraska ambers). Spectra of the two Texas samples were similar, indicating a close correspondence in chemical composition. In general, all three spectra show peaks for organic groups typically expected in fossil resins (reported here in cm -1 ): OH (3439), vinyl region (small peaks at 3062 and 884), aliphatic (~2900, 1459, and 1382), and esters (~1735, 1100-1300). There is no resemblance between the Grayson and Baltic samples, as expected, but the Grayson and Nebraska samples are very similar. The vinyl region (small peaks at ~310 and the peak at 888 cm -1 typically are associated with exocyclic double bonds on cyclohexane rings (exomethylene groups).
With more polymerization in ambers, this peak decreases and thus is smaller in older ambers. A qualitative comparison of the 888 cm -1 peak in Figure 15 seems to indicate that it is smaller (or less prominent) for the Grayson amber in comparison with the Baltic sample. The implication here is that the Grayson amber is older than the Baltic amber, consistent with the observed age of the Texas amber (96.5 to 97. 3 Ma).
A closer inspection of the Grayson and Nebraska ambers in Figure 15 also shows the presence of a small (but clearly discernible) shoulder peak at 1497 cm -1 , which together with the ~3100 peaks (small as they are) suggest greater degree of aromatic character. This inference also is supported by GC/MS analysis discussed in the next section. The peak at 1497 cm -1 provides another point of similarity between the Grayson and Nebraska ambers, in addition to the correspondence in the region 1100-1300 cm -1 that corresponds to C-O groups. The Texas sample also was studied by GC/MS for a closer evaluation of its chemical composition (Table 2 ). The GC scan shows few peaks between 4 and 20 min (a few monoterpenes and sesquiterpenes), as most of the peaks are between 22-30 min and correspond to diterpenes. No triterpenes were detected. Methyl succinate and its derivatives were not detected, a compound only consistent with Baltic amber. Based on the molecular structure of the diterpenes (Table 2 ) identified in the Grayson sample, most of them correspond to the abietane carbon skeleton and are consistent with the assignment as a Class 1b amber. The major diterpene is methyl dehydroabietate, making up ~80 % of the organics that were extracted from the Texas amber. Caution should be exercised with such an observation, which depends highly on the extraction process necessary for the GC/MS experiment. The high concentration of methyl dehydroabietate is possibly the reason for the aromatic 1497 cm -1 peak observed in the FTIR spectra of the Grayson and Nebraska ambers. Overall, the Grayson amber shows smaller distribution of diterpenes and a higher percentage of methyl dehydroabietate than we previously have observed in diterpene based fossil resins. This interpretation should be viewed cautiously in terms of relating it to the bulk amber because the GC/MS analysis represents only the composition of the organic compounds that could be extracted with the organic solvent. 195, 165, 167, 179 tetrahydroretene; 7-isopropyl-methyltetrahydrophenanthrene tr * RT (retention time), MI (molecular ion), BP (base peak), m/z (mass per charge), and tr (traces or amounts too small to be measured).
Discussion
Ambers are not fossilized resins in the strict sense of the word. Ambers appear to be little changed from the time they were exuded by the plant be it angiosperm or gymnosperm as it is now known (Santiago-Blay and Lambert 2007). Chemically, resins are made from complex arrangements of the fivecarbon molecule called isoprene (2-methyl-1,3-butadiene or C5H8), which polymerizes to form di-and triterpenes. The resins become amber by the primary mechanism of cross-linking and polymerization of the isoprene units. The process takes place under elevated temperature and pressure over long geologic time (Santiago-Blay and Lambert 2007) . The process is nonlinear and still is not well understood. It is part of a continuum: resin-copal-amber. Resin plant production is an ancient process occurring (although in minute amounts) from the Carboniferous to the vast Eocene amber deposits of the Baltic region to the present. Examination of the solid-state 13 C and solution 1 H NMR spectra of fossilized resins (ambers) has generated five groupings of materials based on spectral characteristics (Lambert et al. 2008) . The worldwide Group A is associated primarily with the botanical family of the Araucariaceae. The worldwide Group B is associated with the Dipterocarpaceae. Baltic amber or succinate (Group C) is related to Group A but with a disputed conifer source. Amber from Latin America, the Caribbean, and Africa is associated with the Fabaceae, the genus Hymenaea in particular. The minor Group E contains the rare fossil polystyrene. The Texas amber belongs to Group A based on its 13 C and 1 H NMR spectra or to the equivalent Class 1b (based on its MS spectra). The examination of the amber pieces under the stereoscope is still ongoing; higher magnification and state of the art microscopy techniques will be needed. No definitive zooinclusions have been found yet. Many amber clasts present phytoinclusions, but they appear for the most part detrital and not suitable for taxonomical classification. Inorganic inclusions are abundant: microscopic bubbles of different size and shape as well as abundant acicular (needle-like) sulfate crystals (probably jarosite or selenite) have been observed. The Texas amber deposit is considered, with caution, a primary deposit based on its palynomorph content and the overall sedimentological presentation of the deposit. The possibility of reworking in fluvial systems is always high. However, the low diversity palynomorph assemblage suggests a localized source area (Zippi 2016) . The age of the sediments where the amber is contained is Early Cenomanian based on stratigraphy and secondarily based on palynological data of the outcrop. The discovery of amber in the Upper Cretaceous of Texas in sufficient amount to carry on extensive multidisciplinary research, clasts size and aesthetic attributes is a significant paleontological find not only for Texas but for the global record of amber. The Texas find is an important contribution to the study of ambers on Earth.
Future Work Microscopy of higher magnification is needed to ascertain the presence (or lack of) of zooinclusions and to aid in the determination of taxonomical affinity of the phytoinclusions present in the Texas amber. It is very likely that microinclusions (i.e., mites, bacteria, protozoans, fungi, spores, pollen) will be found. If successful, this will open new opportunities of research in middle Cretaceous paleoentomology and paleomicrobiology. The definitive taxonomic affinity of the Texas amber producing conifer(s) is still unresolved. Further chemical analysis will be needed. Optical characterization of this amber is planned for the near future. Rheological studies are in progress. The ongoing fieldwork will assure the effective recovery of this important fossil resin for future studies.
